We present here temperature-dependent Raman, x-ray diffraction and specific heat studies between room temperature and 12 K on single crystals of spin-ice pyrochlore compound Dy 2 T i 2 O 7 and its non-magnetic analogue Lu 2 T i 2 O 7 . Raman data show a "new" band not predicted by factor group analysis of Raman-active modes for the pyrochlore structure in Dy 2 T i 2 O 7 , appearing below a temperature of T c =110 K with a concomitant contraction of the cubic unit cell volume as determined from the powder x-ray diffraction analysis. Low temperature Raman experiments on O 18 -isotope substituted Dy 2 T i 2 O 7 confirm the phonon origin of the "new" mode. These findings, absent in Lu 2 T i 2 O 7 , suggest that the room temperature cubic lattice of the pyrochlore Dy 2 T i 2 O 7 undergoes a "subtle" structural transformation near T c . We find anomalous red-shift of some of the phonon modes in both the Dy 2 T i 2 O 7 and the Lu 2 T i 2 O 7 as the temperature decreases, which is attributed to strong phonon-phonon anharmonic interactions.
I. INTRODUCTION
Geometrically frustrated magnetic systems are those where spins cannot simultaneously minimize all their pairwise exchange energies because of geometrical reasons and hence cannot find a unique ground state [1, 2] . In a real system, however, any small perturbation to these interactions can favor a particular ground state thus lifting the macroscopic degeneracy. The perturbation can be in the form of single-ion anisotropy, next or higher neighbor interactions, thermal or quantum fluctuations, dipolar interactions, lattice deformations, or externally applied stimuli such as pressure or magnetic field. The pyrochlore structure (space group F d3m), with stoichiometry A 2 B 2 O 7 , is a typical example of geometrically frustrated magnets in three dimensions. In this structure, A 3+ and B 4+ ions form distinct interpenetrating networks of corner-sharing tetrahedra, displaced from each other by half the unit cell dimension. If either A or B ion has a magnetic moment, strong geometrical frustration results, which in the presence of one or more perturbative terms, gives rise to various interesting ground states. Such is the case for the family of insulating rare-earth titanates (R 2 T i 2 O 7 ; R = trivalent rare-earth ion), which show a wide diversity in their magnetic behavior (For a recent review on these pyrochlores, see ref [3] ) from a Néel ordered state in rochlores, until recently, were limited to the liquid Helium or lower temperature range. Recently, vibrational properties of some titanate pyrochlores (including the spin-ice Dy 2 T i 2 O 7 )
have been studied using infrared reflectivity [15] and Raman spectroscopy [16, 17] up to room temperature. In the work by Maczka et al. [17] on R 2 T i 2 O 7 (R = Er, Gd and Dy), Raman studies of Gd 2 T i 2 O 7 and Er 2 T i 2 O 7 were carried out to determine the temperature dependence of Raman mode frequencies and line-widths. These authors, however, could not follow the temperature dependence of Raman modes in Dy 2 T i 2 O 7 . These studies have shown that mode frequencies of a few phonons decrease upon cooling, a behavior not often observed in solids and hence termed as "anomalous". This anomalous behavior has been qualitatively attributed by Bi et al. [15] to strong spin-phonon coupling in Dy 2 T i 2 O 7 for a few modes.
Since the strength of exchange interaction is relatively much weaker for titanate pyrochlores (ranging between ∼ 19 K in T b 2 T i 2 O 7 [18, 19] to ∼ 0.25 K in Sm 2 T i 2 O 7 [20] ), and there is no long-range spin order in Dy 2 T i 2 O 7 as well as in Gd 2 T i 2 O 7 and Er 2 T i 2 O 7 down to very low temperatures [3] , this qualitative explanation of the anomalous temperature dependence in terms of spin-phonon coupling has been questioned [17] . Another explanation of this anomalous behavior in terms of a coupling between phonons and crystal field excitations can also be ruled out because Gd 2 T i 2 O 7 also exhibit comparable phonon anomalies even though in Gd 3+ ion no crystal field effect is expected due to spherical symmetry of the 4f charge cloud. It is suggested in ref. [17] that the anomalous temperature dependence could arise from anharmonic interactions. In order to understand the anomalous tempera- High resolution x-ray diffraction measurements were performed between 10-300 K (with temperature accuracy better than 0.5 K) using a highly accurate two-axis diffractometer in a Bragg-Brentano geometry (focalization circle of 50 µm) using the Cu-K β line (λ=1.39223
A) of a 18 kW rotating anode. to T iO 2 as an impurity phase in the pyrochlore sample [26] . We rule out this possibility because a strong mode of T iO 2 , near 610 cm −1 , is not seen in our single-crystals. We have therefore, assigned the 450 cm −1 mode to F 2g phonon, as done in ref. [21, 22] .
We now come to the origin of the additional modes M1(N1), M2(N2), M4(N4), M11(N11), M12(N12), M13(N13) and M14(N14), also observed in refs. [17, 24] and seen in both magnetic and non-magnetic pyrochlores (Fig. 1 ). The modes labelled as M11 to M14 can be assigned to second order Raman scattering [17] . Since the modes M1, M2 and M4 are seen in both Dy 2 T i 2 O 7 (magnetic) and Lu 2 T i 2 O 7 (non-magnetic), these can not be assigned to crystal field transitions of Dy 3+ in Dy 2 T i 2 O 7 . We, therefore, assign these modes to infrared active or silent modes rendered Raman active due to a possible lowering of the local symmetry at some crystallographic sites, as suggested in ref. [24] . We have followed the evolution of the different modes with temperature from 12 K to 300 K for both
and Lu 2 T i 2 O 7 and the results are discussed below.
B. Evolution of Raman spectra with temperature
Raman spectra of Dy 2 T i 2 O 7 have been recorded at several temperatures varying from 12 K to 300 K. The maximum changes are seen in Raman bands M1 to M7 in the spectral range of 50 to 400 cm −1 . We, therefore, show in Fig. 2 the Raman spectra at a few typical temperatures in this spectral range. The modes M1, M2, M3 and M4 are weak, their intensities are, therefore, rescaled as indicated in Fig. 2 with respect to the mode M6. It can be clearly seen that for T > 110 K, the spectra in the 250 to 400 cm −1 range can be fitted by two Lorentzians representing the two allowed Raman modes (M6 and M7).
However, the spectra at T = 110 K and below, indicate a "new" mode (termed as M5)
marked by an arrow in the panels corresponding to T = 110, 50 and 12 K in In Fig. 2 , it is clearly evident that a "new" mode (M5) emerges near ω ∼ 300 cm −1 below 
, respectively (see Table- at low temperatures. The appearance of the "new" mode (M5) is, therefore, attributed to a Raman inactive phonon mode becoming Raman active due to lowering of the site symmetries arising from local structural deformation below 110 K. Following the indication of a possible structural transition, we have performed x-ray diffraction experiments as a function of temperature and the results are discussed below.
D. Low temperature x-ray diffraction
In order to examine if the appearance of the "new" mode in Dy 2 T i 2 O 7 at 110 K is related to a possible structural transition, we have recorded high accuracy powder x-ray diffraction patterns from room temperature down to 10 K. Inspection of the whole diffraction pattern recorded at 10 K did not show additional new peaks nor splitting or broadening of the existing Bragg peaks. However, as shown in Fig. 6 , the temperature dependence of the lattice parameter "a" extracted from (004) and (333) Bragg reflections, clearly displays a discontinuous change in the lattice parameter near 100 K, the temperature at which the new mode (M5) appears in our Raman data. In contrast, the temperature variation of the lattice parameter in its non-magnetic analogue Lu 2 T i 2 O 7 , plotted in Fig. 6 for comparison, is smooth as expected in the absence of a structural deformation. The solid lines in Fig. 6 are fit to the data by the relation a(T ) = a 0 [1 + be c/T
T (e c/T −1) 2 ], where a 0 is the lattice constant at 0 K and b and c are fitting parameters [29] 
by Mössbauer spectroscopy suggesting a change in the nuclear quadrupolar interaction with temperature. The total electric field gradient in the Dy 3+ nuclei comes from the 4f orbitals of Dy 3+ and the external charges around, in the lattice. As suggested in ref [30] , there is no significant change in the lattice contribution with temperature but a dramatic change was seen in the electric field gradient due to 4f orbitals with temperature that becomes almost zero at 110 K. We propose a possibility that when the electric field gradient at Dy 3+ ions due to their 4f orbitals becomes negligibly small, the surrounding atoms in the lattice slightly readjust and move out of their regular Wyckoff positions thus deforming the local crystal symmetry without disturbing the average electric field gradient due to the surrounding ions in the lattice. There is a recent study on the temperature dependence of spin-relaxation time in Dy 2 T i 2 O 7 [31] . Unfortunately, the data are taken only between 10-90 K and at 300 K. The data corresponding to 300 K do not agree with the value extrapolated from the Arrhenius behavior fitted to the data between 10 K and 90 K. Later, experiments by Kitagawa et al. [32] filled up the gap in the data in the range of 90 K to 300 K. In Fig. 6 of ref. [32] , we can see a small jump near 100 K in the value of the spin relaxation time. It is, therefore, tempting to suggest that the discrepancy seen by Sutter et al. [31] and Kitagawa et al. [32] may be related to the structural deformation we observed at 110 K.
E. Specific heat
The specific heat of Dy 2 T i 2 O 7 (C DT O ) and Lu 2 T i 2 O 7 (C LT O ) single crystals in the temperature range T = 5 to 300 K is shown in Fig. 7(a) . We note that this difference remains large negative even after rescaling C LT O by a factor in the temperature range 100 to 300 K. A rough estimate of the Schottky contribution in the specific heat of Dy 2 T i 2 O 7 above T = 100 K is obtained using:
. C Sch obtained using this procedure is shown in Fig. 7(b) by closed circles. It exhibits a broad maximum centered at T = 175 K with a value of ∼ 9 J/Dy-mol K. For comparison, we calculated the Schottky specific heat using the crystal field levels scheme given in ref.
[32], estimated by rescaling the CF parameters of Ho 2 T i 2 O 7 obtained by Rosenkraz et al.
[28] using inelastic neutron scattering data. The calculated Schottky anomaly exhibits a peak at roughly the same temperature as the experimentally derived C Sch , with a value of about 10 J/R-mol K at the peak temperature of 175 K. On the other hand, the calculated Schottky anomaly by Jana et al. [27] (shown in Fig. 2 of ref. [27] ) exhibits a huge peak of 9.5 J/Dy-mol K at a much lower temperature of T = 65 K. Moreover, at still lower temperatures, where C DT O is less than C LT O and hence C Sch is expected to be very small, the calculated C Sch due to Jana et al. ranges from about 1 J/R-mol K near T = 20 K to 6.5 J/R-mol K near T = 40 K. Our specific heat data clearly favors the crystal field levels scheme of Rosenkranz et al., while rule out the validity of the crystal field scheme due to Jana et al. [27] . From the position of maximum at 175 K in the experimentally derived C Sch , it is easy to appreciate that the first excited crystal field split level of Dy 3+ in Dy 2 T i 2 O 7 lies well above room temperature as proposed by Rosenkranz et al. [28] . In Fig. 7(b of the two pyrochlores are compared in Fig. 8 which emphasizes that magnitude of phonon softening with decreasing temperature in both pyrochlores is comparable.
Temperature variation of a phonon mode (i) of frequency ω i can be expressed as,
The first term corresponds to the phonon frequency at T = 0 K. The second term is a contribution to the phonon frequency due to a change in lattice constant with temperature and is known as quasi-harmonic contribution to the frequency change. The third term corresponds to the intrinsic anharmonic contribution to phonon frequency that comes from the real part of the self-energy of the phonon decaying into two phonons (cubic anharmonicity) or three phonons (quartic anharmonicity). The fourth term (∆ω i ) el−ph is due to coupling of phonons with charge carriers within the system which is absent in insulating pyrochlore titanates.
The last term, (∆ω i ) sp−ph , is the change in phonon frequency due to spin-phonon coupling arising from modulation of spin exchange integral by the lattice vibration.
The lattice contribution (∆ω i ) qh (T ) to the phonon energy accounts for an expansion / contraction of the lattice leading to a change in the harmonic force constant without changing the phonon population. This change in frequency of a mode i can thus be approximately related to the change in volume using the Grüneisen parameter
where B 0 is the bulk modulus. Taking T=12 K as the reference temperature (the lowest temperature in our measurements),
[17]. In order to account for this quasi-harmonic contribution, we have taken the measured values of the Grüneisen parameters from our high pressure Raman and x-ray experiments on Dy 2 T i 2 O 7 at room temperature [33] and the values are γ(M3)=2.2, γ(M6)=1.7, γ(M9)=0.9 and γ(M11)=2.2.
The volume of the unit cell at different temperatures has been taken from the temperature dependence of the lattice parameters shown in Fig. 6 . The quasi-harmonic contribution is subtracted from the experimental frequencies to obtain the change in frequency (∆ω) solely due to intrinsic anharmonic effects ((∆ω i ) anh (T )) and to the spin-phonon coupling ((∆ω i ) sp−ph (T )). This is shown for the modes M3, M6, M9 and M11 in Fig. 9 .
The effect of spin-phonon coupling on the phonon frequency may be accounted for using [15, 34, 35] (∆ω i ) sp−ph (T ) = λ < S i S j >, where < S i S j > is the spin correlation function and λ is the spin-phonon coupling coefficient. In the temperature-dependent infrared studies of Dy 2 T i 2 O 7 in ref [15] the phonon anomalies have been attributed to the spin-phonon coupling. Our quantitative measurements of the phonon frequency for various modes in the spin-ice Dy 2 T i 2 O 7 ( Fig. 8(a) ) and the non-magnetic Lu 2 T i 2 O 7 ( Fig. 8(b) ) clearly
show that the magnitude of phonon softening is comparable in both pyrochlores. Since
is a non-magnetic pyrochlore, there is no contribution from (∆ω i ) sp−ph (T ) which thus rules out this mechanism for explaining the phonon anomalies in Dy 2 T i 2 O 7 . Therefore, the change in frequency (∆ω) (as shown in Fig. 9 ) is solely due to intrinsic anharmonic effects ((∆ω i ) anh (T )).
The anharmonic effects become considerable when the system temperature increases and a phonon decay into two or three phonons due to cubic or quartic anharmonic interactions.
We recall that in the language of quantum many-body theory of phonons in insulating solids without isotopic mass disorder are described as quasi-particles with a complex self-energy: Σ = ∆ + i∆ ′ originating from anharmonic phonon-phonon interactions. The complex selfenergy is specific to each phonon and depends on frequency and temperature. The observed frequency ω i (T ) and damping parameter γ i exhibit a temperature dependence [36, 37, 38] :
and
where ω i (0) is the temperature-independent ith mode frequency in the harmonic approximation. Since the highest temperature in our experiment is 300 K, much smaller than the Debye temperature of the titanate pyrochlores (∼ 500 K), it is sufficient to consider only the contribution of cubic anharmonicity. Considering only the simplest decay channels, as was done by Klemens [39] , phonon of frequency ω( q ∼ 0) decays into two phonons ω 1 ( q 1 ) and ω 2 ( q 2 ) keeping the phonon energy and momentum conserved, i.e. ω i (0) = ω 1 + ω 2 and 0 = q 1 + q 2 , then,
wheren is the Bose-Einstein mean occupation number of the ith state. The self-energy parameter ∆ i A can be positive or negative. Most often, the value of ∆ i A is negative, i.e., the observed mode frequency decreases with increasing temperature, which is the "regular"
behavior. However, in case of phonons termed "anomalous" the sign of ∆ i A has to be positive, which is most likely the case for the titanate pyrochlores. Fig. 3 of ref. [41] ) and, the one which is most relevant to the present study, F 2g (1), F 2g (2) and E g Raman-active modes of β-pyrochlore KOs 2 O 6 [42] . Here, the phonon anomaly has been found not only for the F 2g (1) mode involving potassium, but also for two oxygen modes F 2g (2) and E g , arising from highly anharmonic vibrations of oxygen ions. We have discussed the relelvance of this to the present case in the next paragraph. It has been argued [38] that the sign of ∆ i A is negative or positive depending on whether the restricted two-phonon density of statesD(ω) (integrated over all decay channels ω i → ω 1 + ω 2 and 0 = q 1 + q 2 ) has a maximum at a frequency higher or lower than the phonon frequency. It will be very interesting to obtaiñ be recalled that all six Raman active phonon modes in the pyrochlore lattice are due to vibrations of the oxygen ions alone, rare-earth and titanium ions being located at the centre of inversion. Since, oxygen ion has a very low x-ray scattering cross-section, a "subtle" change in the anionic sublattice may go unnoticed in x-ray powder diffraction experiments.
We, therefore, propose that a "subtle" structural deformation occurs in the anionic sublattice of Dy 2 T i 2 O 7 near T c = 110 K, giving rise to a "new" phonon mode in the Raman spectra below this temperature. A similar situation has recently been noted by Knee et al. [46] for the pyrochlore superconductor Cd 2 Re 2 O 7 which exhibits a non-trivial structural deformation involving a small deformation in the ReO 6 octahedral lattice, at 200 K, giving rise to some additional low frequency Raman modes.
Finally, our study of the non-magnetic analogue Lu 2 T i 2 O 7 which shows an anomalous softening of phonons of comparable magnitude as that in Dy 2 T i 2 O 7 suggests that spinphonon coupling is not responsible for the anomalous temperature dependence of phonons in these and other members of the rare-earth titante pyrochlore series. We rather propose that strong phonon-phonon anharmonic interaction can lead to these anomalous phonons.
To conclude, Raman spectroscopy data, in conjunction with x-ray diffraction studies of the spin-ice Dy 2 T i 2 O 7 and of its non-magnetic analogue Lu 2 T i 2 O 7 are reported over a largely unexplored temperature window, between 10 to 300 K. Our data reveal a "subtle" structural deformation of the Dy 2 T i 2 O 7 lattice at 110 K. We show that anomalous phonon softening is a generic feature of rare-earth titanate pyrochlores which is not limited to the magnetic members of this family, thereby ruling out the spin-phonon coupling in these pyrochlores which was earlier proposed [15] to be responsible for the anomalous phonon behavior. We propose that this behavior is due to unusually strong phonon anharmonicity in these pyrochlores. We believe that our experimental results will motivate further studies on the spin ice Dy 2 T i 2 O 7 in order to understand the nature of the phase transition near 110 K and its possible consequences on the spin ice models. phonons estimated from experimental data.
